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Abstract 

Background: Evidence is limited regarding the association of healthy lifestyle including sleep pattern with the risk 
of complicated type 2 diabetes mellitus (T2DM) among patients with hypertension. We aimed to investigate the 
associations of an overall healthy lifestyle including a healthy sleep pattern with subsequent development of T2DM 
among participants with hypertension compared to normotension, and to estimate how much of that risk could be 
prevented.

Methods: This study examined six lifestyle factors with T2DM cases among hypertension (227,966) and normoten‑
sion (203,005) and their interaction in the UK Biobank. Low‑risk lifestyle factors were defined as standard body mass 
index (BMI), drinking alcohol in moderation, nonsmoking, engaging in moderate‑ to vigorous‑intensity physical activ‑
ity, eating a high‑quality diet, and maintaining a healthy sleep pattern.

Results: There were 12,403 incident T2DM cases during an average of 8.63 years of follow‑up. Compared to those 
with 0 low‑risk lifestyle factors, HRs for those with 5–6 were 0.14 (95% CI 0.10 to 0.19) for hypertensive participants, 
0.13 (95% CI 0.08 to 0.19) for normotensive participants, respectively  (ptrend < 0.001). 76.93% of hypertensive partici‑
pants were considerably less likely to develop T2DM if they adhered to five healthy lifestyle practices, increased to 
81.14% if they followed 6‑factors (with a healthy sleep pattern). Compared with hypertension adults, normotensive 
people gain more benefits if they stick to six healthy lifestyles [Population attributable risk (PAR%) 83.66%, 95% CI 
79.45 to 87.00%, p for interaction = 0.0011].

Conclusions: Adherence to a healthy lifestyle pattern including a healthy sleep pattern is associated with lower risk 
of T2DM in hypertensives, and this benefit is even further in normotensives.
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Introduction
Type 2 diabetes mellitus (T2DM) has contributed tre-
mendously to the burden of mortality and disability, 
with approximately a 425 million adults living with dia-
betes worldwide in 2017, estimated to rise to 642 million 
by 2040 [1]. People with elevated blood pressure confer 
excess risk of incident T2DM independent of BMI or 
other conventional diabetes risk factors [2–4]. Given the 
commonality in risk factors between T2DM and hyper-
tension, it is of particular importance to identify effective 
strategies to prevent or delay the development of T2DM 
among patients with hypertension.

Strong evidence indicates that many cases of T2DM 
could be prevented by maintaining healthy body weight, 
following a high-quality diet, engaging in moderate to 
vigorous physical activity, avoiding smoking and consum-
ing alcohol in moderation in general populations [1, 5, 6] 
and high-risk individuals such as raised fasting plasma 
glucose patients [7]. Individuals with elevated blood pres-
sure also represent high-risk groups for the progression 
of T2DM [4]. However, whether the lifestyle prevention 
benefits on reducing T2DM events extend to hyperten-
sive patients and whether these benefits differ between 
hypertensive and normotensive individuals are less 
established.

In addition to the common lifestyle factors, epidemio-
logical studies have shown that sleep disturbances—com-
prising shorten time [8], difficulty in maintaining sleep 
[9], and mistimed sleep [10] increase the risk of T2DM. 
Meanwhile, a healthy sleep pattern as a lifestyle compo-
nent was recently constructed and proven to be effica-
cious in T2DM prevention [11, 12]. Sleep is a natural fit 
for the sort of lifestyle, which may interact with other 
lifestyles to modify T2DM risk. For example, subjects 
reporting recurrent short sleep or late chronotypes have 
different meal patterns than those who sleep longer or 
morning chronotypes [13]. Later sleep timing has also 
been associated with a higher BMI, with late sleepers 
increasing snack intake and consuming more calories 
both at dinner and after [14]. The potential relevance 
of sleep pattern and these lifestyles may collaboratively 
prompt the T2DM incident. However, no prospective 
studies regarding the association of a healthy lifestyle 
including a healthy sleep pattern with T2DM has been 
reported, and as of yet, it remains unclear whether such 
associations are different among hypertensive and nor-
motensive individuals.

Therefore, to fill these critical knowledge gaps, we 
aimed to prospectively investigate the associations of 

healthy lifestyle including a healthy sleep pattern with 
incident T2DM in individuals with hypertension com-
pared with normotension within UK Biobank.

Methods
Study population
The UK Biobank cohort study includes more than 
500,000 participants (aged 40–70  years) recruited from 
22 assessment centres between 2006 and 2010 from the 
general population (5.5% response rate) across the United 
Kingdom [15]. Participants provided information on life-
style and other potentially health-related aspects through 
extensive baseline questionnaires, interviews, and physi-
cal measurements. All participants provided written 
informed consent for the study [16]. The UK Biobank 
study has approval from the North West Multi-center 
Research Ethics Committee [17]. More information 
about study design and population have been described 
in detail previously [18, 19].

In the present analysis, we excluded participants 
who reported previous medical histories of cancer 
(n = 35,433); had prevalent diabetes (n = 36,100) defined 
if either: (1) fasting plasma glucose (FPG) ≥ 7 mmol/L or 
haemoglobin  A1c(HbA1c) ≥ 6.5% on a peripheral blood 
test at baseline. (2) Self-reported “diabetes diagnosed by 
a doctor” plus self-report of currently taking antidiabetic 
medication. After these exclusions, a total of 430,971 
participants remained for the current analysis (Addi-
tional file 1: Fig. S1). When we modelled lifestyle factors 
to T2DM diagnosis, participants with missing informa-
tion of lifestyle factors including body mass index (BMI), 
smoking status, alcohol intake, physical activity, dietary 
data or sleep pattern were further excluded. These exclu-
sion criteria were based on minimizing reverse causation 
bias and reducing the impact of measurement errors and 
missing data. After exclusions, 12,403 incident T2D cases 
were included in the final analysis, with an average of 
8.63 years of follow-up.

Definition of a healthy lifestyle score
A healthy lifestyle score was constructed based on six 
modifiable lifestyle factors—BMI, smoking status, alco-
hol consumption, physical activity, diet and sleep pattern, 
according to previous studies or The American Diabetes 
Association (ADA) recommendations for diabetes care 
[11, 20, 21]. Participants scored 1 point if he or she was 
classified as low risk for that factor or 0 points otherwise 
for each of 6 lifestyle factors. The sum of the six factors 
constituted a final healthy lifestyle score of 0, 1, 2, 3, 4 or 
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≥ 5 (higher score for a healthier lifestyle). Details of the 
assessments of individual lifestyle factors can be found in 
Additional file 1: Table S2.

BMI, cigarette smoking
For general adiposity measured by BMI, the low-risk was 
defined as those who had a BMI of ≤ 24.9 kg/m2 for that 
overweight and obesity are associated with increased risk 
of T2DM [22]. For smoking, we described low-risk as 
nonsmokers.

Alcohol consumption
For alcohol consumption, the low-risk was categorized as 
moderate alcohol consumption: 0 to 15 g/day for women 
and 0 to 28 g/day for men, with moderate consumption 
coordinated with a lower risk of T2DM [23]. Of note, few 
participants drank heavily in our cohorts; < 1% of total 
participants drank alcohol > 90 g/day.

Physical activity
We classified those who meet the American Heart Asso-
ciation recommendations of regular physical activity 
as low risk: ≥ 150  min of moderate physical activity; or 
≥ 75  min of vigorous physical exercise; or ≥ 150  min of 
combined moderate and vigorous physical activity; or 
moderate physical activity at least 5 days a week; or vig-
orous activity once a week [24].

Dietary intake
We characterized low-risk as more than four points of a 
healthy diet score that contained five low-risk diet factors 
including fruit ≥ 3 servings/day, vegetable ≥ 3 servings/
day, (shell)fish ≥ 2 servings/week, processed meats ≤ 1 
serving/week, unprocessed meats ≤ 2 serving/week, 
which was based on recommendations on dietary pri-
orities for cardiometabolic health and improvement of a 
range of risk factors linked to better glucose control and 
reduced T2DM risk [25] (Additional file 1: Table S3).

Sleep patterns
Five low-risk sleep factors (early chronotype; sleep 7–8 h 
per day; reported never or rarely insomnia symptoms; no 
self-reported snoring; and no frequent daytime sleepi-
ness) were included to generate a healthy sleep score 
ranging from 0 to 5 (one point was given for each low-
risk sleep factor), which was associated with a lower 
risk of incident T2D [11] (Additional file  1: Table  S4). 
We then define a healthy sleep pattern as healthy sleep 
score ≥ 4 points.

Assessment of covariates and hypertension
Covariate information was inquired by baseline ques-
tionnaire including sociodemographic characteristics, 

personal and family medical history. Socioeconomic sta-
tus is provided by quintiles of the Townsend deprivation 
index, combining information on social class, employ-
ment, car availability, and housing [26]. A participant 
was considered a family history of T2DM or hyperten-
sion if he or she reported at least one first-degree relative 
with that disease. Prevalent hypertension was defined 
if either: (1) medical records from the National Health 
Service (NHS) Information Centre for participants from 
England and Wales and the NHS Central Register Scot-
land for participants from Scotland (2) mean BP at base-
line was greater than clinically defined criteria over two 
measurements (systolic BP ≥ 140  mmHg or diastolic 
BP ≥ 90  mmHg). (3) Self-reported “hypertension diag-
nosed by a doctor” plus self-report of currently taking 
antihypertensive medication.

Ascertainment of T2DM
T2DM was ascertained using hospital inpatient records 
containing data on admissions and diagnoses obtained 
from the Hospital Episode Statistics (HES) for England, 
Scottish Morbidity Record data for Scotland (SMR) for 
Scotland, and the Patient Episode Database for Wales 
(PEDW). Diagnoses were recorded using the Interna-
tional Classification of Diseases (ICD), Ninth and Tenth 
Revision coding system (Additional file 1: Table S1).

Statistical analysis
Baseline characteristics of all participants were sum-
marized as means with standard deviation for continu-
ous variables and percentages for categorical variables. 
Person-time for each participant was calculated from 
the date of enrollment to T2DM diagnosis, death, or 
the end of follow-up (HES Mar 31, 2017; SMR Oct 31, 
2016; PEDW Feb 29, 2016.), whichever came first. Pois-
son regression models were used to derive adjusted 
incidence rates of T2DM. Cox proportional hazards 
models were applied to estimate hazard ratios (HRs) 
and 95% confidence intervals (CIs) for the associa-
tions of each healthy lifestyle factor and the combined 
healthy lifestyle score with the risk of T2DM events 
among participants with or without hypertension. Pro-
portional hazards assumption was tested using Sch-
oenfeld residuals. In multivariate models, we adjusted 
for age, sex, educational attainment, socioeconomic 
status, family history of diabetes or hypertension. In 
analyzing the association between each component of 
the healthy lifestyle score and T2DM events, we fur-
ther adjusted for all other parts. Analyses were further 
stratified by age, sex, educational attainment, socio-
economic status, family history of diabetes or hyper-
tension and healthy lifestyle factors. The linear trend 
was performed by treating the healthy lifestyle score as 
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a continuous variable. To test whether the pattern of 
association varies across stratifications, we estimated 
multiplicative interactions by including the product 
term (exposure × stratification variable) in the models 
using the likelihood ratio test. Several sensitivity anal-
yses were conducted to demonstrate the robustness of 
our findings. Individual low-risk lifestyle factors and 
healthy lifestyle scores were evaluated to estimate the 
proportion of the population that might be attribut-
able to unhealthy lifestyle patterns (population-attrib-
utable risk [PAR]%). The PAR% was calculated using 
the formula p(HR − 1)/(1 + p[HR − 1]), where p is the 
prevalence of individuals not in the low-risk group and 
HR is the associated multivariable-adjusted hazard 
ratio of those individuals. 2-sided p < 0.05 was con-
sidered statistically significant. All statistical analyses 
were performed using Stata (version 13.1, StataCorp, 
College Station, Texas).

Results
Baseline characteristics of included participants
The characteristics of the study participants with or with-
out hypertension are shown in Table 1. The mean age of 
all participants was 56.04 ± 8.13 years. Of 430,971 partic-
ipants, the proportions of participants with 3, 4, and ≥ 5 
healthy lifestyle factors were 22.37%, 14.33% and 5.77% 
in overall and 27.25%, 14.96% and 5.12% in hyperten-
sion, respectively. Compared with participants with nor-
motension, participants with hypertension were older, 
had higher proportions of men, were less educated, were 
more likely to have a family history of hypertension, and 
had a smaller number of more than three healthy lifestyle 
factors.

Incidence of type 2 diabetes mellitus
A total of 6975 incident T2DM cases were docu-
mented during a mean follow-up of 8.63  years (inci-
dence rate 1.87 per 1000 person-year). In contrast, the 

Table 1 Baseline characteristics of participants with hypertension and incident T2DM in UK Biobank

Data are mean (SD) or percentages, or as otherwise indicated; Percentages may not sum to 100 because of rounding

T2DM Type 2 Diabetes Mellitus, BMI Body Mass Index, No. number, CI confidence interval
a Adjusted for age, sex, education, socioeconomic status quintile, family history of T2DM and hypertension

Baseline characteristic Hypertension Normotension

No. of hypertension 
(n = 227,966)

Incident T2DM 
(n = 5428)

No. of normotension 
(n = 203,005)

Incident 
T2DM 
(n = 1547)

Age, mean (SD), y 58.33 (7.52) 59.67 (7.13) 53.47 (8.02) 56.64 (7.97)

Male 117,456 (51.52) 3210 (59.14) 78,392 (38.62) 808 (52.23)

Education

 Vocational 16,505 (7.39) 472 (9.07) 11,155 (5.60) 127 (8.67)

 Lower secondary 59,766 (26.75) 1324 (25.45) 54,733 (27.5) 373 (25.48)

 Upper secondary 23,628 (10.57) 405 (7.78) 24,629 (12.37) 140 (9.56)

 Higher 77,190 (34.54) 1245 (23.93) 85,783 (43.10) 432 (29.51)

 None of the above 46,364 (20.75) 1757 (33.77) 22,724 (11.42) 392 (26.78)

Family history of T2DM 40,909 (17.95) 1552 (28.59) 34,640 (17.06) 476 (30.77)

Family history of hypertension 95,551 (41.91) 2057 (37.90) 68,326 (33.66) 376 (24.31)

Socioeconomic status quintile

 1 (least deprived) 46,326 (20.35) 760 (14.02) 41,336 (20.39) 218 (14.10)

 2–4 137,380 (60.33) 3039 (56.05) 122,007 (60.18) 821 (53.10)

 5 (most deprived) 43,991 (19.32) 1623 (29.93) 39,407 (19.44) 507 (32.79)

Systolic blood pressure, mean (SD), mmHg 149.59 (15.85) 148.55 (17.78) 123.69 (9.89) 126.10 (9.23)

Diastolic blood pressure, mean (SD), mmHg 87.71 (9.35) 87.09 (10.34) 76.14 (7.00) 77.66 (6.94)

No. of healthy lifestyle score

 0 8105 (4.51) 393 (10.03) 4462 (2.73) 87 (7.87)

 1 33,067 (18.40) 1127 (28.77) 20,266 (12.41) 288 (26.04)

 2 53,509 (29.77) 1283 (32.75) 40,597 (24.87) 355 (32.10)

 3 48,976 (27.25) 792 (20.22) 47,421 (29.05) 260 (23.51)

 4 26,895 (14.96) 273 (6.97) 34,859 (21.35) 89 (8.05)

 ≥ 5 9203 (5.12) 49 (1.25) 15,655 (9.59) 27 (2.44)

Incident diabetes per 1000 person‑yearsa 2.42 (95% CI 2.35–2.49) 1.01 (95% CI 0.95–1.06)
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multivariable-adjusted incidence rate of T2DM events 
was higher in participants with hypertension relative to 
those without [2.42 (95% CI 2.35–2.49) vs 1.01 (95% CI 
0.95–1.06) per 1000 person-years; p < 0.001] (Table 1).

Associations of individual healthy lifestyle factors 
with incident T2DM
When the six lifestyle factors were collapsed into binary 
categories of low risk vs high risk (reference group), 
with the exception of a healthy diet, all other five factors 
(ideal BMI, moderate alcohol consumption, nonsmoking, 
physical activity at goal, healthy sleep score) were each 
independently associated with a 70.80%, 18.25%, 23.00%, 
29.79%, 25.51% lower risk of incident T2DM in partici-
pants affected by hypertension, respectively (Table  2). 
Similar associations but more significant in magnitude 
were observed in normotension and overall participants 
for the five healthy lifestyle factors mentioned above. 

Different from participants with hypertension, a healthy 
diet was associated with decreased risks of T2DM among 
normotension and overall. Consistent results were 
observed when analyses were further stratified into sub-
groups by individual lifestyle factor (Additional file  1: 
Table S6). There were no significant differences by blood 
pressure status (all p for interaction > 0.05) in the asso-
ciation of baseline individual healthy lifestyle factor with 
risk of T2DM.

Association of a healthy sleep pattern with incident T2DM
Regarding T2DM events, participants with the highest 
healthy sleep score in comparison with the lowest score 
showed 79% (HR 0.21, 95% CI 0.15 to 0.31), 89% (HR 
0.11, 95% CI 0.06 to 0.21), and 83% (HR 0.17, 95% CI 0.12 
to 0.23) lower risk of T2DM in hypertension, normo-
tension and all participants (Fig. 1 and Additional file 1: 
Table  S7). After incremental adjustment for baseline 

Table 2 Multivariable‑adjusted HRs (95% CIs) and PAR% (95% CIs) for T2DM events by low‑risk lifestyle factors

T2DM Type 2 Diabetes Mellitus, HR hazard ratio, CI confidence interval, PAR% population-attributable risk percent
a Participants in the low-risk group
b Incidence density per 1000 person-years
c Low-risk lifestyle factors: BMI of ≤ 24.9 kg/m2; moderate alcohol consumption (0 to 15 g/day for women and 0 to 28 g/day for men). Nonsmoking; moderate to 
vigorous physical activity ($150 min/week), high-quality diet (top two-fifths of healthy diet score), and healthy sleep pattern (top two-fifths of healthy diet score). 
Adjusted for age, sex, education, socioeconomic status, parental history of T2DM or hypertension

Category No. of  participantsa Cases/PYs 
(1000)b

HR (95% CI)c Risk 
difference (%)

PAR% (95%CI)

Hypertension

 BMI 56,608 0.83 0.29 (0.26–0.33) 70.80 65.32 (61.96–68.38)

 Alcohol consumption 108,626 2.36 0.82 (0.77–0.87) 18.25 10.71 (7.52–13.79)

 Smoking status 121,704 2.23 0.77 (0.72–0.82) 23.00 13.40 (10.38–16.31)

 Physical activity 156,717 2.30 0.70 (0.66–0.75) 29.79 11.42 (9.62–13.18)

 Diet score 27,772 2.33 0.96 (0.86–1.07) 4.11 3.68 (‑5.82–12.33)

 Sleep pattern 65,552 1.93 0.74 (0.69–0.80) 25.51 18.81 (14.72–22.70)

 Per unit increase in healthy lifestyle score NA NA 0.70 (0.68–0.72) 29.67 NA

Normotension

 BMI 90,976 0.28 0.26 (0.22–0.31) 73.97 63.33 (59.29–66.96)

 Alcohol consumption 103,622 0.74 0.80 (0.71–0.90) 19.97 11.06 (5.45–16.34)

 Smoking status 116,793 0.65 0.80 (0.70–0.90) 20.32 11.25 (5.63–16.55)

 Physical activity 146,193 0.71 0.74 (0.65–0.84) 26.28 9.33 (5.94–12.60)

 Diet score 26,502 0.58 0.72 (0.58–0.89) 28.09 25.61 (10.27–38.33)

 Sleep pattern 68,672 0.57 0.72 (0.63–0.83) 27.57 19.76 (12.47–26.45)

 Per unit increase in healthy lifestyle score NA NA 0.65 (0.62–0.68) 35.08 NA

All participants

 BMI 147,584 0.49 0.25 (0.23–0.28) 74.90 68.00 (65.70–70.14)

 Alcohol consumption 212,249 1.57 0.79 (0.75–0.84) 20.61 11.94 (9.26–14.54)

 Smoking status 238,497 1.45 0.78 (0.74–0.83) 21.59 12.44 (9.78–15.02)

 Physical activity 302,910 1.53 0.70 (0.66–0.75) 29.61 11.16 (9.60–12.70)

 Diet score 54,274 1.47 0.90 (0.82–0.99) 9.66 8.69 (0.71–16.03)

 Sleep pattern 134,224 1.23 0.73 (0.69–0.78) 26.90 19.71 (16.23–23.05)

 Per unit increase in healthy lifestyle score NA NA 0.67 (0.66–0.69) 32.86 NA
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hypercholesterolemia and the use of antihypertensive 
or cholesterol-lowering drugs, strong inverse associa-
tions were observed between a healthy sleep score as a 
continuous variable and T2DM outcome among hyper-
tensive participants (HR 0.78, 95% CI 0.75 to 0.81, p 
trend < 0.001), which had been modified by blood status 
at baseline (p for interaction = 0.0334).

Association of a healthy lifestyle pattern with incident 
T2DM
Compared to those with a healthy lifestyle score of 0, the 
fully adjusted HRs (95% CI) of those with a healthy life-
style score of 5–6 was 0.14 (95% CI 0.10 to 0.19) among 
hypertension patients, 0.13 (95% CI 0.08 to 0.19) in nor-
motension individuals and 0.12 (95% CI 0.09 to 0.15, all p 
trend < 0.001) among all participants, respectively (Fig. 1 
and Additional file  1: Table  S5). When evaluated ordi-
nally, participants having 1-number increment in healthy 
lifestyle score was associated with a greater magnitude 
of T2DM risk-lowing in normotension (HR 0.65, 95% 
CI 0.62 to 0.68) than in hypertension (HR 0.70, 95% CI 
0.68 to 0.72), indicating significant modification effects of 
blood pressure status on the associations (p for interac-
tion = 0.0011) (Table 2).

Concordant results were obtained when analyses were 
stratified by age at baseline, sex, education levels, socio-
economic status, and family history of hypertension or 
T2DM (Table  3). For normotensive participants, the 
inverse association between per unit increase in healthy 
lifestyle score and T2DM was particularly pronounced 
in females (p for interaction = 0.0042). For participants 
with hypertension, there was further evidence of a some-
what stronger association among the adults younger than 
55 years (p for interaction < 0.0001) and without a family 
history of T2DM (p for interaction = 0.0086).

Sensitivity analysis
To test the robustness of the findings, we performed 
sensitivity analyses that included: (1) further adjustment 
for baseline hypercholesterolemia and the use of antihy-
pertensive or cholesterol-lowering drugs in the primary 
analysis (Additional file  1: Tables S5, S7); (2) further 
adjustment for waist circumference (Additional file  1: 
Table S5); (3) examining HRs for T2DM among partici-
pants with dysglycaemia (Impaired fasting glucose [IFG] 

only; IFG and hypertension combined) at baseline (Addi-
tional file 1: Table S8), as it may be the pathway from risk 
to diabetes; (4) excluding participants whose T2DM out-
comes occurred in the first 2 years of follow-up to mini-
mize potential bias resulting from subclinical conditions 
(Additional file  1: Table  S9); (5) excluding underweight 
participants (BMI < 18.5  kg/m2) in Additional file  1: 
Table  S10; and (6) excluding individuals who reported 
sleep apnea at baseline in Additional file  1: Table  S11. 
These sensitivity analyses did not materially alter the risk 
estimates.

The population‑attributable risk of T2DM
Table 2 presents the PAR% for each healthy lifestyle fac-
tor. Compared with the low-risk group, each lifestyle 
factor was estimated to explain 8.69% (diet score 4–5) 
to 68.00% (BMI ≤ 25  kg/m2) of the population risk of 
developing T2DM among participants with hyperten-
sion. The combined PAR% of T2DM concerning BMI, 
poor sleep pattern, smoking was 75.43% (95% CI 72.69% 
to 77.90%), which increased to 78.13% (95% CI 75.69% 
to 80.34%) when additionally considering physical activ-
ity among hypertensive subjects (Fig.  2 and Additional 
file  1: Table  S12). The PAR% of the lifestyle score of 
5-factors (without the sleep pattern) was 76.93% (95% 
CI 73.56 to 79.87%) vs that of 6-factors (with a sleep pat-
tern) was 81.14% (95% CI 78.29 to 83.61%) for partici-
pants with hypertension, suggesting that approximately 
four-fifths of T2DM events in this cohort would not 
have occurred if all participants had been in the low-risk 
group for all six lifestyle factors. The risk attributable 
to six modifiable lifestyle factors was larger in normo-
tension (PAR% 83.66%, 95% CI 79.45 to 87.00%, p for 
interaction = 0.0011).

Discussion
Based on this large, prospective cohort of middle-aged 
to older men and women, we examined the associations 
of the newly defined healthy lifestyle score integrat-
ing BMI, smoking status, alcohol consumption, physi-
cal activity, diet and sleep pattern with incident T2DM. 
When patients with hypertension have 5 or more com-
pared with 0 ideal lifestyle factors, they have an 86% 
reduced risk of developing T2DM, which is slightly lower 
than normotensives. If these associations are causal, our 

Fig. 1 Effect of lifestyle factors on the risk of incident T2DM among overall and hypertension population in the UKB cohort. HRs for each group 
were compared with those with no healthy lifestyle factors; error bars show 95% CIs. Low‑risk lifestyle factors: BMI of ≤ 24.9 kg/m2; moderate 
alcohol consumption (0 to 15 g/day for women and 0 to 28 g/day for men). Nonsmoking; moderate to vigorous physical activity ($150 min/week), 
high‑quality diet (top two‑fifths of healthy diet score), and healthy sleep pattern (top two‑fifths of healthy sleep score). Low‑risk sleep factors: early 
chronotype; sleep 7–8 h per day; reported never or rarely insomnia symptoms; no self‑reported snoring; and no frequent daytime sleepiness. Both 
models were adjusted for age, sex, education, socioeconomic status, parental history of T2DM or hypertension. T2DM Type 2 Diabetes Mellitus, HR 
hazard ratio; CI confidence interval. All p for trend < 0.0001, calculated using the log‑rank test

(See figure on next page.)
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results suggest that nearly 81% of T2DM events will not 
have occurred if all participants have been in the low-
risk group for all six lifestyle factors, even with baseline 
hypertension.

Comparison with other studies
Prehypertension, as well as hypertension, were strongly 
and independently associated with type 2 diabetes, even 
after controlling for potential confounders [3, 4, 27]. In 
Framingham Heart Study, the incident rates of T2DM 
in normotensive white women was 2.8 per 1000 person-
years, while that of hypertensive white women was nearly 
10.0 per 1000 person-years [3]. Our study also reported 
higher incident rates of T2DM in the hypertension 
group, which means what interventions to prevent or 
delay the onset of T2DM could be introduced in people 
with hypertension is essential.

T2DM is, in addition to genetic predisposition, largely 
dependent on behavioural factors such as dietary habits 
and physical activity. It is well established that a healthy 
lifestyle (BMI ≤ 24.9 kg/m2, nonsmoking, improving diet 
quality, promoting moderate-intensity physical activ-
ity, drinking alcohol in moderation) is associated with a 
lower risk of T2DM in largely healthy populations [28, 
29], which is consistent with our current research results. 
Furthermore, sleep disturbance, characterizing the 
24 h lifestyle of modern societies, has increasingly been 
shown to represent an additional lifestyle factor adversely 
affecting T2DM [8]. Our studies also found that get-
ting proper sleep helps reduce the risk of T2DM. Exist-
ing evidence from different studies [11, 30, 31], together 
with our analysis, support the selection of healthy sleep 
pattern included in the healthy lifestyle pattern. In gen-
eral, although many prospective studies including RCTs 

Table 3 Stratified analysis of the association of T2DM incidence with per 1‑number increment in low‑risk lifestyle factors

T2DM Type 2 Diabetes Mellitus, HR hazard ratio, CI confidence interval

Low-risk lifestyle factors: BMI of ≤ 24.9 kg/m2; moderate alcohol consumption (0 to 15 g/day for women and 0 to 28 g/day for men). nonsmoking; moderate to 
vigorous physical activity ($150 min/week), high-quality diet (top two-fifths of healthy diet score), and healthy sleep pattern (top two-fifths of healthy diet score)
a Hazard ratios (95% CI) were adjusted for age, sex, education, socioeconomic status quintile, family history of T2DM and hypertension
b p for interaction calculated using multiplicative interaction terms and application of the likelihood ratio test

Categories Cases Hypertension Normotension

HR (95% CI)a p for  interactionb HRa (95% CI) p for interaction

Age, year < 0.0001 0.0542

 ≤ 55 2061 0.66(0.62–0.69) 0.64(0.59–0.69)

 56–65 2980 0.69(0.67–0.72) 0.63(0.58–0.68)

 ≥ 65 1934 0.76(0.72–0.80) 0.71(0.64–0.79)

  ptrend value < 0.0001 < 0.0001

Sex 0.3929 0.0042

 Female 2957 0.71(0.68–0.75) 0.60(0.55–0.65)

 Male 4018 0.70(0.67–0.72) 0.69(0.64–0.74)

Education 0.5461 0.6715

 Vocational 599 0.65(0.59–0.71) 0.64(0.54–0.77)

 Lower secondary 1697 0.68(0.65–0.72) 0.64(0.58–0.71)

 Upper secondary 545 0.78(0.71–0.86) 0.63(0.54–0.74)

 Higher 1677 0.70(0.67–0.74) 0.66(0.60–0.71)

 None of the above 2149 0.71(0.68–0.75) 0.66(0.59–0.73)

  ptrend value < 0.0001 < 0.0001

Socioeconomic status 0.5976 0.0935

 1 (least deprived) 978 0.69(0.64–0.73) 0.70(0.62–0.79)

 2–4 3860 0.72(0.69–0.74) 0.65(0.61–0.69)

 5 (most deprived) 2130 0.68(0.65–0.72) 0.63(0.57–0.69)

  ptrend value < 0.0001 < 0.0001

Family history of T2DM 0.0086 0.1108

 No 4947 0.69(0.67–0.71) 0.63(0.59–0.67)

 Yes 2028 0.74 (0.71–0.78) 0.69(0.63–0.75)

Family history of hypertension 0.4169 0.7651

 No 4542 0.70 (0.67–0.72) 0.65(0.61–0.69)

 Yes 2433 0.71 (0.68–0.75) 0.64 (0.58–0.71)
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had confirmed the importance of lifestyle intervention 
in diabetes control, they might have missed sleep pattern 
which is an important lifestyle factor, or patients who 
already have hypertension. So that, in the current study, 
we innovatively integrated an overall healthy lifestyle pat-
tern by taking into account the combined impact of five 
known lifestyle factors and a newly constructed healthy 
sleep pattern on T2DM risk. This new lifestyle pattern 
reflects a more comprehensive healthy lifestyle pattern 
which has the potential to delay if not prevent progres-
sion to type 2 diabetes in all populations, whether the 
distribution of blood pressure. Our findings added valu-
able information to the field of lifestyle modification in 
preventing diabetes among high-risk people.

It is worth mentioning that we observed there was 
a statistically significant interaction between healthy 
lifestyle score and blood pressure status after adjust-
ing the covariates. Adopting this new lifestyle pattern 
could significantly reduce the risk of diabetes in people 
with hypertension, even if the effect seems to be weaker 
than that of the normotensive population. Based on our 
results, we urged that people with hypertension, particu-
larly less than 55 years adopt a new lifestyle pattern, and 
in a more helpful recommendation, those normotensive 
people, especially females should follow it too-to prevent 
T2DM. In addition to lifestyle interventions, blood pres-
sure management with antihypertensive drugs may be 

effective in reducing T2DM risk. It is worth mentioning 
that different antihypertensive drugs in T2DM preven-
tion have yielded mixed results. Different from lifestyle 
intervention, some antihypertensive drugs may influ-
ence blood glucose metabolism while decreasing blood 
pressure. Diabetes Prevention Program excluded indi-
viduals who used thiazide diuretics or beta-blockers for 
the treatment of hypertension based on epidemiological 
studies and clinical trials suggesting a causal connection 
between beta-blockers and the development of T2DM 
[32]. A multi-center study showed that angiotensin-
receptor blockers (ARBs) are effective at preventing the 
development of T2DM besides their antihypertensive 
effects [33]. Therefore, it is prudent to choose antihyper-
tensive drugs to prevent diabetes and the adverse effects 
of drugs on blood glucose must be weighed against the 
proven benefits of lowering blood pressure and reducing 
the risk of cardiovascular events [34].

The previous study indicated that a total of 91% (95% 
CI 86 to 95%) of cases of type 2 diabetes could be attrib-
uted to the five unhealthy lifestyles (BMI, diet, physical 
activity, smoking and alcohol consumption) in Nurses’ 
Health Study (NHS) [29], 81% (95% CI 63 to 91%) in 
Health Professionals Follow-up Study (HPFS) [28], 89% 
(95% CI 23 to 99%) in the Cardiovascular Health Study 
in US [35], 78.8% (95% CI 67.9% to 86.3%) in the China 
Kadoorie Biobank [36], 86% (95% CI 64% to 95%) among 
Caucasians men and 70% (95% CI 44% to 85%) among 
Japanese Americans in the Multiethnic Cohort study 
[37]. In our new analyses, the population attributable risk 
for these five unhealthy lifestyle factors was 79.72% in the 
general population in the UK biobank, which was close to 
that of HPFS. More importantly, when the sleep pattern 
was incorporated into lifestyle pattern, PAR% increased 
to 83.51%, enhanced the protective effect of this new life-
style pattern on diabetes.

Similarly, the PAR% results of all six unhealthy lifestyle 
factors were 81.14% among hypertensive people, lower 
than that in normotensive people. This may illustrate 
that only lifestyle intervention might not be enough for 
T2DM prevention in hypertension patients, although the 
efficacy of this new multicomponent lifestyle pattern had 
been confirmed.

Potential mechanisms
Irregular sleep patterns were found to increase overall 
brain activation to food stimuli, which may have been 
associated with adverse metabolic traits such as obe-
sity and disturbed glucose metabolism control [38, 39]. 
In accordance with these observations, findings from 
experimental studies have emphasized some distinct 
mechanisms by which sleep restriction might provoke 
decreases in glucose tolerance and insulin sensitivity [40]. 

Fig. 2 Multivariable‑adjusted population‑attributable risk percents 
(95% CI) for incident T2DM by combining low‑risk lifestyle factors 
among 430,971 participants. The multivariable model was adjusted 
for age, sex, education, socioeconomic status quintile, family history 
of T2DM and hypertension. All six lifestyle factors were included 
simultaneously in the same model. The specific combination of 
low‑risk lifestyle factors are as follows: three lifestyle factors indicating 
body mass index (BMI), healthy sleep pattern, smoking. The model 
was also adjusted for physical activity, healthy diet, and alcohol 
consumption; 4 factors included the first 3 factors and physical 
activity. The model was additionally adjusted for healthy diet and 
alcohol consumption; 5 factors including the first 4 factors and 
alcohol consumption. The model was additionally adjusted for 
healthy diet; 6 factors including the first 5 factors and healthy diet
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In addition to their harmful effect in diabetes mellitus, 
a great piece of research published has suggested that 
insulin resistance and compensatory hyperinsulinemia 
mediate the reciprocal interaction between hypertension 
and T2DM [41, 42]. One common underlying mecha-
nism is that insulin resistance had an effect on vascular 
endothelial dysfunction, which are closely linked to accel-
erated vascular stiffness, contributing to the progression 
of cardiovascular diseases such as hypertension [43, 44]. 
Additionally, hyperinsulinemia stimulated noradrenalin 
release, also contributing to elevating BP and simultane-
ously had an adverse influence on glucose metabolism 
[45]. This may be the potentially explanatory mechanism 
for why poor lifestyle habits may increase the risk of 
developing T2DM pathologies, especially among hyper-
tension patients.

Public health impact
The new healthy lifestyle pattern containing six modifi-
able lifestyle factors defined by this study provides a posi-
tive frame of reference for T2DM primary prevention. It 
is also of value in identifying high-risk individuals and 
facilitating health management. However, there are only 
7.25% of participants adopted more than five healthy 
lifestyle factors in our study. Finding that a normal BMI, 
a healthy sleep pattern, and no smoking are three sig-
nificant factors to prevent diabetes, lowering the risk of 
the disease by 75%. From a public health perspective, 
this epidemiological conclusion makes it easier for indi-
viduals to understand the importance of T2DM preven-
tion and translate it into practice, therefore being more 
informative to the general population.

Strengths and limitations
The strengths of this study included its population-based 
prospective study design, the large sample size of inci-
dent T2DM and the comprehensive analyses including 
individuals with hypertension, normotension. To the best 
of our knowledge, this is the first prospective study to 
comprehensively investigate the association of an over-
all healthy lifestyle pattern that integrate several healthy 
lifestyle factors and a healthy sleep pattern with incident 
T2DM risk.

The present study also has notable limitations. First, 
participants who were excluded owing to missing data 
on lifestyle factors included a slightly higher proportion 
of men. The results should be interpreted with caution 
because of the potential risk of selection bias. Second, 
the lifestyle factors used to create a healthy lifestyle 
score were evaluated only at baseline, so changes in the 
factors over time are not available in this study. Future 
cohort studies with repeated measurements of lifestyle 
factors would be required to confirm our findings and 

investigate the impact of dynamic changes in lifestyle 
patterns on T2DM outcomes. Third, measurement errors 
in self-reported assessments of lifestyle data were inevi-
table. However, this type of misclassification of exposure 
is likely to be non-differential related to the T2DM and 
thus would be more likely to bias the effect estimations 
toward the null. Fourth, our study did not have direct 
measurements of blood pressure control and the severity 
of hypertension. However, the results remained similar 
when we further adjusted for the use of antihypertensive 
medications, suggesting that our findings are unlikely 
to be explained by confounding due to the severity of 
hypertension. Fifth, interpreting the population attribut-
able risk estimates assumes a causal association between 
the low-risk lifestyle factors and T2DM risk. This is a big 
assumption, given that our findings were based on an 
observational study. In addition, we could not entirely 
rule out confounding by genetic susceptibility, medica-
tion use, or psychosocial stress; residual confounding 
due to unknown or unmeasured factors remains pos-
sible. Finally, The UK Biobank had a low response rate 
in baseline survey: of the more than 9  million people 
who received an invitation to take part in, only around 
6% responded [46]. Although the UK biobank aimed to 
be representative of the general population, it might be 
unrepresentative due to the ‘healthy volunteers’ selec-
tion bias. In fact, previous studies had been carried out 
to compare risk factor (demographic, social, behavioural, 
and biomedical)-endpoint associations in UK biobank 
with those from representative studies with conventional 
response rates, suggesting that risk factor associations in 
the UK Biobank seem to be generalisable [47]. Moreover, 
the study’s large sample size and a sufficient variance in 
the exposures of interest ensure the generalisability of 
the findings regarding risk factors and health outcomes 
[48]. We acknowledged that the present study was mainly 
based on European descent. Generalization of the results 
to other populations should be done with caution.

Conclusions
Our study based on a large cohort indicates that adher-
ence to a healthy lifestyle pattern including a healthy 
sleep pattern is associated with substantially lower 
risk of incident T2DM in hypertensive participants. 
Importantly, more cases of diabetes can be prevent-
able by adherence to this combined lifestyle pattern in 
normotensives.
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